Large-scale fermentative production of infective spores of Bacillus popilliae Dutky would supply a proven biological insecticide (3, 14) to control the Japanese beetle, Popillia japonica Newman. Suitable vegetative proliferation of this entomopathogen has been reported (9) , and methods for obtaining limited sporulation in liquid and on solid medium have been described (5, 10, 15) . Nevertheless, a means to induce extensive sporulation of B. popilliae growing in laboratory media has evaded discovery.
There are indications, however, that slow, steady vegetative proliferation is a prerequisite to spore formation. Vigorous growth has not been associated with the subsequent formation of spores either in vitro or in vivo. For example, B. popilliae did not form spores in shake-flask cultures of rich medium in which the average cell generation time or division time (td) was about 3 h or in a dialysis system when td was reduced to 2 h, the shortest time we have observed (9) . Limited sporulation has occurred in flask cultures containing activated carbon (5) where td was about 3.5 h. In colonies where td was between 9 and 11 h, the incidence of sporulation was about 20% (10) . Generation time of the sporulating cultures of Wyss (15) was similarly extended. B. popilliae grew very slowly in the hemocoel of Japanese beetle larvae, requiring 18 to 19 h for cell division; large numbers of spores accumulated (8) in larval hemolymph.
We do not contend that division time alone is responsible for sporulation, because special laboratory-developed strains of B. popilliae and select yeast extracts were required to produce spores in liquid medium with carbon and also in colonies on solid medium (5, 10) . Nevertheless, the evidence strongly suggests that slower growth rates should be investigated as a means for obtaining sporogenic cells.
We have decreased growth rate in batch cultures (td = 4 to 5 h) by using less nutritious media and by limiting other conditions, but cell yields were very low. In continuous cultivation, growth rate is determined by dilution rate. Continuous cultures can be maintained at extremely slow growth rates by restricting the input of fresh medium. The method is especially appropriate for our purpose, since certain other aspects of continuous cultivation are similar to the growth situation of B. popilliae in Japanese beetle larvae. Therefore, we have developed a chemostat for the cultivation of B. popilliae. Variable Chemostat operation. The chemostat was a 100-ml, jacketed, Bellco spinner flask, modified to have five ports (Fig. 1) Preferably, the chemostat and all fittings, including the sterilizing filter, and all medium and waste reservoirs should be assembled and sterilized simultaneously by autoclaving. This procedure was eliminated at some risk by the use of simple connectors (Fig. lb) , which permitted the coupling of presterilized subassemblies. Such fittings also facilitated the changing of reservoirs during an experiment, although the risk of contamination was increased whenever tubes containing medium or culture (wet lines) were disconnected. Wet lines were clamped near the point of disconnection to prevent movement of liquid that would draw air into the lines.
Inocula for the chemostat consisted of 10 ml of B-2309 culture grown in a shaken flask of MD medium. Inocula were transferred during midexponential phase of growth (10 to 12 h). About 6 h of growth (batchwise) in the chemostat should precede input of fresh medium.
RESULTS
Batch culture. Problems incurred in attempting to establish young cultures in the chemostat and their erratic specific growth rates prompted a closer quantitative study of the growth ofthe B-2309 strain in flasks and resulted in the following information.
We have known that B-2309 cultures, when started from either lypohilized cells or germinated spores, do not grow well at first, producing only 2 x 10i or 3 x 10i cells per ml in shaken flasks of MD medium. They were easily lost, especially if the transfer interval was increased beyond 24 h. After four or five transfers in liquid medium, cell production usually increased to 6 x 10i or 7 x 10 cells per ml, and about 50% of these cultures remained at this second growth level for many additional serial transfers ( During attempts to establish a washout point, the B-4265 culture was temporarily lost, and fresh cultures were started from lyophilized stored cells of B-2309.
As mentioned previously, when the young B-2309 batch cultures were grown in the chemostat, steady-state cell yields indicated that their specific growth rates were variable. Cultures fresh from lyophil could not be established in a continuous growth situation, but "second-level" batch cultures (6 x 10' cells per ml) were grown in CC medium in the chemostat ( about 1% and occurred at dilution rates below 0.1 h-'. Sporulation was not improved in chemostat cultures of the vegetative progeny of these spores. Sudden downshift from higher specific growth rate to dilution rates below 0.1 h-l was usually followed by sporogenesis, but at the same low level.
Colony culture. The distinct morphological characteristics and differences in cell content of mature colonies on viable count plates from batch and continuous cultures was the first indication that growth rates were correlated with colony types. Strain B-2309, isolated from a commercial spore dust, was lyophilized (4) after a minimum of vegetative transfers. On MD agar medium, revivified cultures produced three different types of colonies; all were circular with slightly undulate margins. The most numerous type (70%) resembled a fried egg with amber pigment in the raised center, a clear surrounding growth, and umbonate elevation. Less numerous (20%) was a regular colony type previously associated with B. popilliae (10) . These regular colonies were largest, with only slight pigmentation and simple convex elevation. A few (10%) small colonies, always present, were of pulvinate elevation with heavy pigmentation and were called amber beads. The three colony types are shown in Fig. 3 .
After dilution and replating, cells from the three colony types produced new colonies approximately as shown in Fig. 4 . Each colony in these experiments represented growth from a single inoculum cell, but the cells did not always reproduce their previous colony type. On (rich) MD agar medium, a spontaneous progression from amber bead to fried egg to regular colonies occurred, with a concurrent increase in stability. Succeeding colony types were larger, and they contained more cells. At the same age, regulartype colonies contained 10 and 100 times more cells than fried egg and amber bead colonies, respectively. Since colonial growth is exponential only in early stages, colony counts could not be used to establish growth rate. The progressions and reversions that occurred from plate to plate presumably occur also from liquid to plate, obscuring the true ratio of colony types in liquid cultures. When the three colony types were plated on solidified CC medium in an attempt to limit progression by limiting growth rate, fried egg and regular colonies were repressed in numbers, and amber beads did not appear at all. Fewer fried egg colonies on CC agar suggested that reversion had occurred; if amber bead colonies were present, they did not develop to visible proportions. Presumably, amber bead colonies require a richer medium for development.
The different colony types are not caused by the stress of lyophilization or storage of cells, because all three colony types arise from germinated B-2309 spores. Incidentally, they therefore should all represent sporogenic strains.
As growth rate increased in liquid cultures after several transfers, amber bead colonies disappeared, but fried egg colonies persisted in platings from all but the most rapidly growing cultures. Cells that produced fried egg colonies had greater longevity than cells that produced the other two colony types. Flask cultures that contained three colony types when plated at 24 h produced only fried egg colonies when plated after an additional 5 days of still culture. Total viable population of such flasks was about 20 x 106 cells per ml at the time of plating (Fig. 5a) . Continued shaking caused death of all cells within about 3 days.
On rich agar medium, cells had a strong tendency to progress from amber bead to fried egg and finally to regular colonies, but there was also a weak tendency in the reverse direction which functioned with longevity or persistence to preserve slower-growing colony types. In spite of this, a few cultures of single colony type developed after extensive transfer in batch culture. The B-4265 culture which produced only regular-type colonies (Fig. 5bi developed in 5c). The cell yield data of these two cultures fit curve 2, Fig. 2 . Inoculum from two 5-day stillculture flasks (Fig. 5a ) also gave cell yields in the chemostat that fit curve 2, Fig. 2 .
After lyophilization and a storage period, single colony-type cultures demonstrated the same growth characteristics and colony type after they were revived. Progression and reversion did not occur; once pure, the different cell or colony types were stabile. When multiple-cell inoculum was transferred directly from colony to fresh plate by wire loop, the resultant colonies were quite different from colonies produced by single cells, as shown in Fig. 6 . Inoculum from either the periphery or the center "yolk" of fried-egg colonies yielded one colony type (Fig. 6a) , with rough, pitted, amber-colored centers, a smooth surrounding band of amber-colored growth, and a slight bordering band of clear growth. Cells from amber bead colonies yielded colonies as shown in Fig. 6b . They are of amber color, rough, and pitted overall. Regular colonies yielded the same regular colonies by this inoculation method (Fig. 6c) . DISCUSSION Our studies reveal that B. popilliae, whether originating from lyophilized vegetative cells (4) in our collection or from spores produced in larvae infected in the field, is a mixture of three different substrains. These exhibit different colonial morphologies and growth rates and varying stability. Limited correlation with asporogenesis and pathogenicity are also noted. Certain unusual (batch) growth characteristics of B. popilliae, such as the lack of a stationary phase, sensitivity to acid pH, and a lerigthy cell division time, do not prevent continuous culture. Before we realized that growth rate of B. popilliae cultures could increase stepwise and yet be relatively stable at different levels, our cell yield data at various steady states in the chemostat Colonies initiated by loop transfer from other colonies showed differences in morphology that are difficult to explain. They may result from competition between cells of different growth rates attempting to produce different colony types. Regular colony-type cells produce regular colonies (Fig. 6c) by both inoculation methods, but a mixture of regular colony cells and fried egg colony cells generates colonies identical to those from pure fried egg colony cells (Fig. 6a) . We are unable to explain the different colony characteristics other than to say that they are due to growth-rate differences; the vegetative cells of all three colonies appear to be microscopically identical in appearance and motility.
Recently, we have determined that vegetative cells of the fast-growing culture, NRRL B-4265, are not infective when injected into the hemocoel of Japanese beetle larvae. This does not mean that all fast-growing cultures are noninfective. Vegetative cells or spores of NRRL B-2309M were infective by injection, but grew rapidly in larvae, usually causing death before extensive sporulation was completed (10 
